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We  demonstrate  the  use  of  the  s-scan  technique  for  measuring  the  upconversion  coefficient  in  Er:YAG.  The  up¬ 
conversion  coefficient  is  found  to  be  linearly  proportional  to  the  concentration  for  samples  of  concentration 
0.5-3.0at.%.  A  fit  to  four  samples  at  room  temperature  yields  a  value  of  Cup  =  (2.0  ±  0.5)  x  10_17cm3/s/at.%. 
The  coefficient  at  liquid-nitrogen  temperatures  is  Cup  =  (9.5  ±  2.4)  x  10_17cm3/s/at.%.  ©  2011  Optical  Society 

of  America 

OCIS  codes:  190.7220,  140.3500,  300.6460. 


1.  INTRODUCTION 

Cooperative,  or  energy-transfer,  upconversion  reduces  the 
population  of  the  4Ii3/2  manifold  in  Er:YAG,  increasing  the 
laser  threshold  but  not,  in  theory,  the  slope  efficiency  [1]. 
In  the  present  paper,  the  cooperative  upconversion  param¬ 
eter  in  Er:YAG  is  measured  using  the  z-scan  technique  as  a 
function  of  Er  concentration  (0.5-3  at.%)  with  the  sample  at 
room  temperature  (298  K)  and  at  80  K.  The  value  at  80  K 
is  approximately  five  times  larger  than  the  value  at  room 
temperature. 

Er:YAG  lasers  are  of  interest  because  they  can  emit  at  the 
eye-safe  wavelength  of  1645  nm.  When  pumped  at  1532  nm, 
they  have  a  quantum  defect  of  only  7%.  Er:YAG,  at  this  choice 
of  pmnp  and  laser  wavelengths,  is  thermodynamically  a 
2.4-level  laser  at  room  temperature,  and  a  2.6-level  laser  at 
77  K  [2].  An  Er:YAG  laser  operating  at  cryogenic  temperatures 
has  recently  produced  400  W  at  1645  nm  [3].  Knowledge  of 
the  low-temperature  upconversion  coefficient  will  allow 
further  improvements  in  the  design.  It  may  also  help  explain 
the  unusual  temperature-dependent  output  power,  which 
peaks  at  ~160K  [4]. 

Cup  was  estimated  to  be  1-3  x  10-16  cm3/s  for  a  1%  sample 
of  Er:YAG,  based  on  early  measurements  of  the  fluorescence 
decay  rate  and  the  increase  in  laser  threshold  [5,6].  A  value  of 
Cup  =  5x  10-18  cm3/s/at.%  was  previously  obtained  with  a 
time-dependent  method  based  on  the  nonexponential  decay 
of  the  fluorescence  from  the  4Ii3/2  level  [7].  A  value  of  3.5  x 
10“18  cm3/s/at.%  was  foimd  using  a  steady-state  method 
based  on  the  upconversion-induced  increase  in  the  lasing 
threshold  [8].  Relative  to  the  time-resolved  technique  for  mea¬ 
suring  Cup,  the  advantage  of  the  z-scan  method  is  that  it  can  be 
performed  with  a  cw  or  quasi-cw  source.  Relative  to  the  laser 
threshold  technique,  the  advantage  of  the  z-scan  method  is 
that  it  does  not  require  a  long  laser-quality  rod,  output  cou¬ 
plers,  or  careful  alignment  of  a  cavity.  A  key  merit  of  the  z- 
scan  technique  is  that  the  source  can  be  the  same  diode  used 
to  pump  an  Er:YAG  laser.  However,  a  diffraction-limited 
beam,  and  high  optical  quality,  homogeneous  samples  of 
~10mm  diameter  are  required. 


2.  MODEL 

A  model  including  the  lowest  four  manifolds  of  Er^  (4Ii5/2, 
4Ii.3/2>  4Iii/2>  and  4IS/2)  is  used  to  fit  the  data  (Fig.  1).  Included 
in  the  model  is  a  rate  equation  for  the  population  of  each  mani¬ 
fold,  Nh  where  i  runs  from  1  to  4.  The  laser  absorption  and 
stimulated  emission  are  between  the  lowest  two  manifolds. 
The  rate  equations  for  the  four  manifolds  are 

^  ^  (feN2  -  AJVl)  +  N2W21  +  N3W31  +  N4W44 

+  CuvNl  (1) 

d^f=-I£  (feW  2  -/atfl)  -  N2WZ1  +  N3W3  2  +  N4W42 

-  2CupJV|,  (2) 

^  =  N4W43  -  N3(W32  +  w31),  (3) 

^  =  CupNl  - N4(W43  +  W42  +  W41).  (4) 

Here,  I  is  the  laser  intensity,  o  is  the  absolute  cross  section, 
Wy  is  the  relaxation  rate  from  level  i  to  level  j,  Cup  is  the  up¬ 
conversion  coefficient,  and  /„(/',.)  is  the  probability  given  by 
the  Boltzmann  distribution  that  an  ion  in  the  4I15/2  (4Ii3/2) 
manifold  is  in  the  sublevel  that  can  absorb  (emit)  a  laser 
photon. 

For  Er:YAG  at  room  temperature,  the  W32  and  W43  rates  are 
dominated  by  nonradiative  relaxation;  the  other  rates  are 
dominated  by  radiative  relaxation  (Table  1).  The  W43  rate 
is  estimated  to  be  an  order  of  magnitude  larger  than  the 
If  32  rate,  but  as  long  as  If 32  and  W43  remain  much  larger  than 
the  other  decay  rates,  their  impact  in  a  steady  state  is  negli¬ 
gible.  At  77  K,  if 21  =  101  Hz  [4];  we  use  the  room-temperature 
values  for  the  other  radiative  rates,  assuming  that  the  nonra¬ 
diative  rates  remain  large  in  comparison. 

The  values  of  Aq  (z)  to  Aq(z)  are  obtained  by  solving 
Eqs.  (l)-(4)  in  a  steady  state,  simultaneously  with  a  propaga¬ 
tion  equation  for  the  laser  beam 
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Table  1.  Room-Temperature  Relaxation  Rates  (Hz) 
Used  in  the  Model 


If 21 

W  31 

If  32 

If 41 

If 42 

If 43 

136  [4] 

118  [11] 

9000  [7] 

51  [12] 

57  [12] 

105 

dz  =  MfoN2-AN,)  =  -ar.  (5) 

To  account  for  the  Gaussian  intensity  profile,  the  pump  beam 
is  treated  as  a  superposition  of  eight  equally  spaced  intensi¬ 
ties.  The  difference  between  eight  slices  and  16  was  found 
to  be  negligible,  so  the  smaller  number  was  used  to  speed  the 
calculations. 

One  assumption  in  the  model  is  that  the  beam  radius  is  con¬ 
stant  across  the  1  mm  thickness  of  the  sample.  This  simplifies 
the  transmission  calculations,  and  is  supported  by  all  samples 
having  a  thickness  less  than  the  confocal  parameter  or  Ray¬ 
leigh  range.  Scattering  losses  in  the  sample  can  be  neglected 
because  of  their  excellent  optical  quality.  The  model  is  local  in 
the  sense  that  the  populations  at  any  point  in  space  are  deter¬ 
mined  by  the  intensity  at  that  point  only,  which  assumes  that 
the  excitation  energy  migrates  only  a  short  distance  compared 
to  the  beam  diameter. 


3.  EXPERIMENT 

The  sample  is  illuminated  at  1532.5  nm,  which  couples  the  sec¬ 
ond  sublevel  of  the  ground  manifold  to  the  lowest  sublevel  of 
the  4Ii3/2  manifold.  The  source  is  a  distributed  feedback  laser 
operating  continuously  and  amplified  in  a  single-mode  fiber  to 
3  W.  The  duty  cycle  was  reduced  to  10%  with  a  shutter  oper¬ 
ating  at  1  Hz,  to  avoid  heating  the  samples.  An  InGaAs  photo¬ 
diode  and  lock-in  amplifier  were  used  to  detect  the  beam 
transmitted  through  the  sample.  The  samples  were  10  mm 
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Fig.  1.  Diagram  of  the  four  manifolds,  the  laser  transition,  the 
upconversion,  and  select  relaxations. 


Fig.  2.  (a)  Beam  radius  as  a  function  of  position,  (b)  Transmission  of 

a  2%  Er:YAG  sample  at  298  K. 


in  diameter,  1  mm  thick,  and  antireflection  coated.  The  sam¬ 
ples  were  placed  in  a  cryostat  for  the  80  K  measurements. 

A  standard  2-scan  geometry  was  used  [9],  with  a  20  cm  focal 
length  doublet  lens.  The  intensity  profile  was  measured  by 
translating  a  razor  blade  across  the  beam  and  fitting  to  an 
error  function  to  determine  the  waist  [Fig.  2(a)]. 

4.  RESULTS 

The  transmission  of  each  sample  as  a  function  of  the  position 
shows  a  peak  where  the  beam  intensity  is  highest,  due  to  sa¬ 
turation  of  the  absorption  [Fig.  2(b)].  Upconversion  depletes 
the  4Ii3/2  manifold,  lowering  the  peak,  shifting  the  onset  of 
saturation  to  higher  intensities. 

The  shift  in  the  saturation  is  evident  in  a  plot  of  the  effective 
absorption  coefficient  versus  the  peak  intensity  (Fig.  3)  for  a 
1%  sample  (1.4  x  1020ions/cm3).  Here,  aeS  is  calculated  from 
the  experimental  data  (symbols)  according  to 

P(L)=P(0)exp(-aeffL),  (6) 

where  P  is  the  laser  power.  The  different  symbols  correspond 
to  runs  at  different  power  levels.  Simulation  curves  for  Cup  = 
0  (dashed  line)  and  for  Cup  =  2  x  10-17  cm3/s  (solid  line)  are 
also  shown. 

For  a  1%  sample  at  80  K,  the  effective  absorption  coefficient 
versus  the  peak  intensity  is  shown  in  Fig.  4,  along  with 


Fig.  3.  (Color  online)  Effective  absoiption  coefficient  versus  peak 
intensity  for  1%  Er:YAG  at  298  K.  The  curves  are  simulations. 
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Fig.  4.  (Color  online)  Erbium-doped  YAG  2-scan  experimental  data 
at  80  K  at  three  different  powers  (symbols).  The  dotted  lines  represent 
values  of  Cup  that  differ  from  the  solid  line  by  a  factor  of  2. 

simulation  curves  for  Cup  =  0  (dashed  line)  and  for  Cup  = 
9  x  10-17  cm3/s  (solid  line).  These  are  the  first  published 
measurements  of  Er:YAG  upconversion  at  cryogenic 
temperatures. 

The  results  for  a  variety  of  samples  indicate  that  Cup  is 
approximately  proportional  to  the  Er  concentration  at  both 
temperatures  (Fig.  5).  A  linear  fit  to  the  four  samples  at  room 
temperature  yields  a  value  of  Cup  =  (2.0  ±  0.5)  x  10-17  cm3/ 
s/at.%.  The  corresponding  value  at  80  K  is  Cup  =  (9.5  ±  2.4)  x 
10-17  cm3/s/at.% 

5.  DISCUSSION 

Two  constraints  on  using  the  2-scan  technique  to  measure  up¬ 
conversion  are  the  slow  sample  response  time  and  sample 
heating.  The  pump  duration  needs  to  be  long  compared  to 
the  time  to  reach  a  steady  state,  but  short  compared  to  the 
time  during  which  sample  heating  would  affect  the  transmis¬ 
sion.  In  the  part  of  the  scan  where  the  intensity  is  low,  the  time 
to  reach  a  steady  state  is  long,  but  the  change  in  transmission 
due  to  saturation  is  small,  so  the  constraints  are  relatively  easy 
to  accommodate.  In  the  part  of  the  scan  where  the  intensity  is 
high,  the  saturation  is  significant,  but  the  time  to  reach  a  stea¬ 
dy  state  is  short,  so  the  constraints  are,  again,  easy  to  accom¬ 
modate.  In  the  range  of  the  scan  where  the  intensity  is 
intermediate  in  value,  the  constraints  become  important.  In 
the  present  experiments,  an  exposure  time  of  0.1  s  was  found 
to  be  long  enough  to  reach  a  steady  state,  but  short  enough  to 


Fig.  5.  (Color  online)  Measured  upconversion  coefficient  (symbols) 
as  a  fimction  of  Er  concentration  at  80  and  298  K,  along  with  linear  fits 
to  each.  The  dashed  line  is  a  linear  fit  to  the  low-concentration  results 
of  [7]. 
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avoid  sample  heating,  provided  the  duty  cycle  was  below  10% 
and  a0L  was  less  than  ~2.  At  80  K,  the  source  was  tuned  off 
resonance,  as  otherwise  the  large  peak  value  in  the  (absolute) 
absorption  cross  section  of  a  =  2.48  x  10_18cm2  [10]  caused 
noticeable  sample  heating  during  the  experimental  runs. 

6.  CONCLUSIONS 

2-scan  measurements  of  Er:  YAG  have  been  made  at  room  tem¬ 
perature  and  at  80  K.  The  data  have  been  interpreted  with  a 
steady-state  model,  including  rate  equations  for  the  (inten¬ 
sity-dependent)  populations  of  the  lowest  four  manifolds, 
and  an  equation  for  the  (population-dependent)  propagation 
of  the  light.  The  resulting  room  temperature  value  of  Cup  = 
(2.0  ±  0.5)  x  10-17  cm3/s/at.%  doping  is  approximately  four 
times  the  value  obtained  in  [7].  Data  taken  at  80  K  yield 
Cup  =  (9.5  ±2.4)  x  10“17  cm3/s/at.%,  and  are  the  first  pub¬ 
lished  measurements  at  cryogenic  temperatures. 

High-power  erbium-doped  lasers  for  eye-safe  applications 
are  currently  being  designed  to  operate  at  cryogenic  tempera¬ 
tures  because  the  optical,  thermal,  and  mechanical  properties 
of  Er:YAG,  for  example,  improve  as  the  temperature  is 
lowered,  depending  on  the  particular  transitions  involved. 
Knowledge  of  the  low-temperature  value  of  Cup  and  of  its  de¬ 
pendence  on  the  Er  concentration  will  allow  the  effect  of  up¬ 
conversion  to  be  minimized  by  choosing  an  optimal  level  of 
doping.  An  advantage  of  the  2-scan  technique  for  measuring 
upconversion  is  that  it  can  be  carried  out  with  the  same  quasi- 
cw  diode  laser  that  is  commonly  used  to  pump  an  Er:YAG 
laser. 
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